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ABSTRACT 
 
Capacitive deionization (CDI) is a desalination technology which has been subject to a 
proliferation in research in recent years for its potential to be more energy efficient than reverse 
osmosis for the treatment of brackish water.  One efficiency-limiting phenomenon is the 
repulsion of co-ions, which can be mitigated via ion selectivity through the addition of fixed 
charge in the form of ion-exchange membranes (IEMs) or surface-modified electrodes. In this 
work, we introduce a novel method of fixed charge addition through a composite electrode 
binder. Two biodegradable ionic polysaccharides, chitosan and carboxymethyl cellulose (CMC), 
are examined for their potential to improve CDI charge efficiency as anodic and cathodic 
binders, respectively. The amine groups of chitosan (pKa ~6.3) and carboxylic acid groups of 
CMC (pKa ~3) can be simultaneously protonated and deprotonated, respectively, under a range 
of pH values, providing the fixed charge needed for ion selectivity. 
When employing chitosan and CMC in their appropriate electrodes, specific salt 
adsorption and charge efficiency reached peak values of 14.09 mg/g and 91%, respectively, 
compared to 5.13 mg/g and 31% for the commonly employed polyvinylidene fluoride (PVDF) 
binder. As a point of comparison, surface-modified carbon was synthesized to shift electrode 
potential of zero charge and enhance charge efficiency while using PVDF binders. The modified 
carbon system achieved 16.21 mg/g of salt removal at a charge efficiency of 87%, indicating the 
incorporation of charged binders in CDI can be a viable method for performance improvement. 
Since the binder charge density is pH sensitive, performance was monitored from pHs 5-9. As 
chitosan amine groups became deprotonated with rising pH, the chitosan-CMC system displayed 
declining performance as expected. The modified carbon system, on the other hand, showed 
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relatively maintained performance across the pH range tested, demonstrating the need for an 
anode polyelectrolyte binder with a higher pKa than chitosan for the system to compete with 
modified carbon at higher pH.
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CHAPTER 1 
 
INTRODUCTION 
 
It is estimated that up to 4 billion individuals experience conditions of severe water 
scarcity for at least 1 month of the year, with a half billion of those experiencing it year round 
(Mekonnen & Hoekstra, 2016). An increasing global population will only exacerbate the 
problem, creating the need for a robust and sustainable source of fresh water to meet the world’s 
demands. While desalination of seawater and brackish groundwater using reverse osmosis (RO) 
or thermal distillation have already been implemented in water stressed areas, there is concern 
over the costs associated with the high energy intensity of the processes despite growing 
technological advances (Elimelech & Phillip, 2011). 
Capacitive deionization (CDI) is a method of electrochemical desalination that has seen a 
proliferation in research interest due its ability to couple water desalination with energy storage 
(Anderson et al., 2010). Typically, influent water flows between two porous electrodes which 
become polarized to induce positive and negative charges on the anode and cathode, 
respectively, resulting in the storage of Na+ and Cl- ions in electrical double layers (EDL) and 
removal of salt from the bulk solution. To regenerate capacity, the electrodes are short-circuited 
to remove the polarization and release the adsorbed ions into the bulk solution, creating a brine 
stream. The current generated from the ionic flux during the discharge step can then be captured 
as recovered energy to offset desalination energy requirements (Długołęcki & van der Wal, 
2013; Han et al., 2015). 
Much of the research that looks to improve the performance of CDI reactors focuses on 
the electrode material. Since salt removal is achieved via adsorption onto the electrode surface, it 
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is favorable to have electrodes with high specific surface areas to accommodate more ions. 
Electrode materials with high surface areas which have been investigated include activated 
carbon, carbon aerogels, carbon nanotubes, reduced graphene oxide, carbides, and graphite 
cloths, with specific salt removals ranging from 0.2-13.6 mg/g of electrode (Kang et al., 2014; 
Kim & Yoon, 2013; Kim & Choi, 2010a; Li et al., 2013; Porada et al., 2013; Wang et al., 2011; 
Wang et al., 2012). Another method of electrode optimization is the control of the pore size 
distribution. Zou et al. exemplified enhanced salt removal of by controlling pore size distribution 
using ordered mesoporous carbon electrodes versus standard activated carbon (Zou et al., 2008). 
The charge efficiency (CE) of a CDI cell is defined as the ratio of adsorbed charge to 
applied charge, and is arguably one of the most important cell characteristics, as it directly 
relates to normalized energy consumption. The presence of Faradaic reactions and co-ion 
repulsion lead to drops in CE and must be mitigated to avoid energy loss in the system 
(Bouhadana et al., 2011; Zhao et al., 2010). In membrane capacitive deionization (MCDI), ion 
exchange membranes (IEMs) have been implemented at either electrode to reduce co-ion 
repulsion which have resulted in increased CEs, up to 91.3% (Kim & Choi, 2010a). CE has also 
been shown to increase when using surface modified electrodes. Gao et al. demonstrated 
improved CE across various potential windows by using an asymmetric CDI cell in which the 
anode and cathode were modified with positively and negatively charged surface groups, 
respectively (Gao et al., 2016). Significant improvements in CE, from 58-93%, were also 
observed in a CDI cell with only a treated cathode (Cohen et al., 2011). Complementary surface 
modifications were also shown to allow for the operation of an inverse-CDI system, in which 
desalination occurs at short-circuit due to ion attraction to the ambient surface charges of the 
electrodes (Gao et al., 2015). 
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The reasoning behind the improvement in CE using surface-modified electrodes is based 
on the electrode potential of zero charge (PZC). An electrode’s PZC is the potential versus a 
defined reference at which there is no net surface charge, and usually corresponds to the potential 
at which the electrode achieves minimum capacitance (Yang et al., 2003). Polarization in either 
direction of the PZC will lead to a storage of charge, granted it may not be the maximum amount 
it can hold. Positive and negative shifts in PZC allow electrodes to operate closer to the Gouy-
Chapman-Stern maximum capacitance while operating at lower polarizations. This results in 
increased salt adsorption capacity and CE, as applied charge remains the same. 
Both IEMs and surface-modified electrodes provide improved CE because of their ability 
to minimize co-ion repulsion and maximize counter-ion adsorption. IEMs achieve this via 
selectivity due to fixed charge whereas surface-modified electrodes achieve it via PZC shifting. 
While both methods have successfully improved CDI CE, the high costs of IEMs and the 
resource-intensive process of surface modification are reasons to explore a cost-effective 
mechanism for enhancement of CE. Additionally, gradual oxidation will render anodes with 
negatively-shifted PZCs impractical as their PZCs shift into the positive regime. A method of 
fixed charge introduction which has seldom been explored is incorporation within the electrode 
binder. Charged binders have the potential to provide the selectivity of IEMS while being 
incorporated within the entirety of the electrode as opposed to a discrete film. 
In this paper we introduce a novel incorporation of inexpensive chitosan and 
carboxymethyl cellulose (CMC) binders for CDI anodes and cathodes, respectively. Chitosan 
and CMC are both chemical derivatives of two naturally occurring polysaccharides, chitin and 
cellulose, which possess charged functional groups along their backbone. Both chitosan and 
CMC have been successfully implemented as electrode binders in Li-ion batteries and show 
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improved cycling stability over the traditionally employed PVDF binder (Chai et al., 2013; Li et 
al., 2007). Since CMC is water-soluble and chitosan dissolves in a weak acidic solution, they 
both provide an advantage over PVDF binders, IEMs, and surface modified carbons by being 
less resource-intensive and more environmentally friendly during electrode processing. As far as 
we know, no work has been reported testing the feasibility of chitosan or CMC binders in 
aqueous CDI systems. In this work, we utilize the primary amines of chitosan (pKa ~6.3) and 
carboxylic acid groups of CMC (pKa ~3) to incorporate fixed charge selectivity within the anode 
and cathode, respectively (Ichikawa et al., 2005; Sudarshan et al., 1992). Desalination 
performance was evaluated using various binder configurations and compared to asymmetric 
surface-modified electrodes across a pH range of 5-9.
5 
 
CHAPTER 2 
LITERATURE REVIEW 
 
2.1 State of water scarcity around the world 
Freshwater is not only needed to sustain human life, but is also required heavily in 
agriculture, power generation, and industry. Wada et al. show clear correlations between 
freshwater withdrawal, population, GDP, and amount of irrigated land area (Wada et al., 2011a). 
Given the predicted rise of global population, especially within developing countries, freshwater 
consumption and demand will increase, which may induce water stress in addition to existing 
shortages. Recent model-based assessments of water stress indicate the global percentage of 
humans living under high water stress ranges from 18-46% (Hanasaki et al., 2008a, 2008b; Islam 
et al., 2007; Kummu et al., 2010; Wada et al., 2011a; Wada et al., 2011b). It is also estimated 
that up to 4 billion people worldwide experience severe water shortages at least one month out of 
the year (Mekonnen & Hoekstra, 2016). Areas that are particularly vulnerable to stress include 
the Middle East, northern and southern Africa, central and southern Asia, western and 
southwestern United States, and western and northeastern Latin America (Alcamo et al., 2007). 
Furthermore, there is uncertainty regarding the natural supply of freshwater via precipitation, 
river flows, and groundwater recharge due to climate change in both water stressed and water 
rich regions (Arnell, 2004). 
Besides the obvious health effects of a lack of freshwater, water stress can induce 
negative economic impacts, particularly in areas heavily reliant on agriculture. For example, it is 
estimated that the combined total economic impact of the 2014 and 2015 California droughts 
amounts to $4.9 billion, in addition to 38,100 job losses (Howitt et al., 2015; Howitt et al., 2014). 
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There are active projects that use treated wastewater for crop irrigation, with several countries 
and US states passing regulations on the use of reclaimed wastewater (Angelakis & 
Tchobanoglous, 1997). However, there are various concerns regarding the use of wastewater 
effluent for agriculture, including pathogen contamination, water salinity, nutrient levels, 
endocrine disrupting compounds, pharmaceuticals and personal care products, and the presence 
of trace levels of heavy metals and organic pollutants (Toze, 2006). Regardless, wastewater reuse 
can only accommodate so much of earth’s growing freshwater demand, providing further 
motivation to develop or improve alternative methods of freshwater production. Desalination of 
seawater and brackish water is one of those alternative methods which will be discussed. 
 
2.2 Current desalination technologies 
 
2.2.1 Distillation 
Distillation is arguably the oldest known form of desalination, with the first patent 
granted to Wheeler and Evans in 1870 (Delyannis, 2003). The process, like that which produces 
earth’s rainfall, involves the thermal evaporation of water from a saline feed, followed by 
condensation of the vapor and collection (Qiblawey & Banat, 2008). There are two maturely 
developed distillation technologies which will be described in further detail, multi-stage flash 
(MSF) and multiple-effect (MED) distillation. 
 
2.2.1.1 Multi-Stage Flash Distillation 
About 60% of desalinated water was produced via multi-stage flash (MSF) as of the year 
2000 (IAEA, 2001). As the name implies, the process involves various stages with different 
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temperatures and pressures. Initially, “cold” feed water is fed through the various stage vessels 
where it is warmed by the heat given off during later condensation via heat exchangers, 
progressively getting warmer as it reaches the final stage. After passing through the many stages, 
the feed water is now considered “brine” and is heated up to a maximum of 120 °C by an 
external heating source. Upon the final heating, the brine enters the last stage which it passed as 
feed water. The vessel has a reduced pressure, meaning the brine entering is thermally saturated, 
causing a spontaneous “flash” or partial evaporation of water from the brine. The vapor is 
collected as it cools and condenses against the heat exchangers which are carrying the feed 
water. As the brine loses thermal energy due to evaporation, subsequent stages have lower 
pressures, allowing for continued flash evaporation at the lower brine temperatures. The 
condensate and final stage brine are then collected and wasted, respectively. The benefit of MSF 
over traditional thermal distillation is the recovery of energy through heat transfer from the 
condensed vapor to the feed water via the heat exchangers. Heat that is lost due to discharge of 
the final stage brine wasting is made up for by the additional heating of the feed water after it 
passes through its final stage (Khawaji et al., 2008). 
 
2.2.1.2 Multiple-Effect Distillation 
Multiple-effect distillation (MED) operates similarly to MSF in that waste heat from the 
evaporation of brine is recycled. However, instead of being recycled to heat the feed water, it is 
used for evaporation in subsequent stages, or “effects”. Initially, feed water is heated to its 
boiling point and is sprayed onto evaporator tubes which are heated by steam, typically provided 
by a power plant. The feed water evaporates and is collected as condensate in the next stage’s 
evaporation tubes, providing the heat necessary for the following effect. Only some brine is 
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evaporated in the first effect, with the rest being sprayed onto subsequent evaporation tubes with 
lower and lower ambient effect pressures, allowing for continued evaporation of cooler and 
cooler brine. (Khawaji et al., 2008). 
 
2.2.1.3 Reverse Osmosis 
While thermal desalination processes dominated from 1960-1985, reverse osmosis (RO) 
has become the more popular choice when constructing new desalination plants (Fritzmann et 
al., 2007). Unlike distillation, RO is a pressure-driven process which utilizes semi-permeable 
membranes to take advantage of the size difference between water molecules and solvated ions. 
This size exclusion allows for the passage of water molecules while rejecting ions, creating a 
lower concentration permeate stream and more concentrated reject stream (Malaeb & Ayoub, 
2011). RO is not exclusively used for desalination. Since the mechanism for salt removal can be 
applied to a wide range of water constituents, including organic material, pharmaceuticals, 
hardness, trace metals, and nitrate, RO and similar membrane technologies such as ultrafiltration 
and nanofiltration have been applied as water treatment systems in the agricultural, food, textile, 
energy, and other industries (Gagliardo et al., 1998; Malaeb & Ayoub, 2011). 
 
2.2.1.4 Electrodialysis  
Unlike distillation and RO, electrodialysis (ED) utilizes electric potentials to drive the 
separation. Rather than removing the solution (water) from the solute (dissolved ions), ED 
removes the solute from the solution, allowing for improved water recovery (~60% for ED 
versus ~10-20% for RO) due to the fact that you are removing a much smaller quantity of mass 
(Thampy et al., 2011). In ED, feed water flows parallel to two polarized electrodes which attracts 
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anions to the anode and cations to the cathode. ED is considered a membrane desalination 
process because of the utilization of ion-exchange membranes (IEMs) to separate a feed stream 
and concentrate stream and allow for the preferential passage of cations or anions. For example, 
the IEM nearest the anode is an anion exchange membrane (AEM) which allows for the passage 
of anions and restricts cation mobility because of fixed positive charge within the membrane. 
The opposite is true for the cathode side which uses a cation exchange membrane (CEM). 
Typically, several IEMs are alternately arranged which create several different “cells” and form 
an ED “stack” with multiple alternating feed and concentrate streams (Strathmann, 2010). Ions 
which pass through the oppositely charged IEM are then blocked from further migration by 
membranes with the same charge. This results in both cations and anions becoming trapped in 
the concentrate streams, leaving more dilute and desalinated feed streams (Charcosset, 2009). A 
common performance metric of ED is the charge efficiency, which is the ratio of ionic transport 
current to applied current. The efficiency is lowered below unity due to the presence of co-ion 
repulsion (i.e. current being used to repel co-ions rather attract counter-ions) and the imperfect 
permselectivity of the IEMs, which occasionally allow the passage of co-ions (Sadrzadeh & 
Mohammadi, 2009). As energy consumption is dependent on system resistance, low solute levels 
result in increased energy demand, meaning ED may be more suitable for high TDS feed streams 
(Thampy et al., 2011). 
 
2.3 Limitations and concerns of conventional desalination processes. 
With the bounty of seawater that covers the globe and borders water stressed regions, one 
may think desalination is the ultimate solution to earth’s water scarcity issues. However, the 
thermal and RO desalination plants in existence consume large amounts of energy which result 
10 
 
in increased pollution and greenhouse gas emissions. While substantial improvements in energy 
consumption have been realized in RO processes since the 1970s, state-of-the-art RO plants still 
consume 3-4 times more energy than the thermodynamic minimum and have substantial carbon 
footprints (Elimelech & Phillip, 2011). Organic fouling and scaling of membranes also pose 
problems as they block pores and increase the amount of pressure needed to maintain a constant 
permeate flux in RO and increase resistance and selectivity in ED IEMs (Lindstrand et al., 2000; 
Tzotzi et al., 2007). Additional concerns over desalination technologies include marine life 
impingement and entrainment, brine disposal costs, and brine pollutant discharge effects on local 
environments (Desalination: A National Perspective, 2008). For seawater and brackish 
groundwater desalination to be the obvious choice of freshwater supply in a water stressed 
society, the limitations of these technologies, especially energy consumption, need to be 
overcome. 
 
2.4 Introduction to Capacitive Deionization 
An alternative technology for brackish water desalination which has been the focus of increasing 
research efforts is an electrochemical system called capacitive deionization (CDI). Like ED, CDI 
utilizes an applied electric field to attract cations and anions to an anode and cathode, 
respectively. CDI differs with ED in that charge is not immobilized in IEM-bound brine streams, 
rather it is adsorbed onto the electrode surface until the polarization is shorted or reversed. Fig. 1 
shows a schematic of the CDI process in which ion adsorption occurs when a polarization is 
induced and desorption ensues upon short-circuiting. Due to the lack of membranes, and the fact 
that the minority component of brackish water (the salt ions) are being removed rather than the 
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majority component (water), lower pressures and energy inputs can be realized which reduce 
capital operating costs versus RO, distillation, and ED (Anderson et al., 2010). 
 
2.4.1 Theory and operation 
 
2.4.1.1 Electrical double layer 
The operating principle of CDI involves the electrosorption of charged species on a 
charged electrode in an electrical double layer (EDL). There are several models which describe 
the properties of the EDL. The simplest of them being the Helmholtz model, which predicts that 
surface charge is neutralized by a discrete layer of counter-ions in the electrolyte, in a structure 
analogous to a parallel-plate capacitor. However, such a model predicts a constant capacitance 
with respect to a changing voltage, which has been experimentally disproven in wide variety of 
electrode/electrolyte systems. To more accurately describe the differential capacitance 
phenomenon, the Gouy-Chapman model was developed which introduced the idea of diffuse 
layer of ions in the solution. In this model, ion concentrations are highest near the interface and 
exponentially fall towards the bulk concentration with distance from the electrode. This model 
predicts that as an electrode becomes more charged, or as the electrolyte concentration increases, 
the diffuse layer compacts, leading to an increase in capacitance. This model, however, predicts a 
continued rise in capacitance with increase polarization, a phenomenon which has been 
disproven experimentally (Bard & Faulkner, 2000).  
The discrepancy arises from the treatment of ions as point charges in the Gouy-Chapman 
model, which allows for an infinitesimal compaction of the diffuse layer. Taking the finite size 
of solvated ions into account, the double layer capacitance can be defined as two capacitors in 
12 
 
series, the first being the compact layer which can be treated as a Helmholtz capacitor, and the 
second being the capacitance provided by the diffuse layer. This modification is known as the 
Gouy-Chapman-Stern model. This model predicts a V-like shape in differential capacitance 
behavior near the potential of zero charge (PZC) that plateaus as higher polarizations are applied 
(Bard & Faulkner, 2000). As this model is still not a perfect representation of what is truly 
occurring at the electrode interface, ongoing efforts are being made to develop models which 
describe the electrochemical processes of CDI, including modeling microporous carbon 
electrodes with overlapping double layers and surface functionality (Biesheuvel et al., 2015; 
Biesheuvel et al., 2014; Biesheuvel et al., 2015; Gao et al., 2016). 
 
2.4.1.2 Flow by and flow through electrodes 
The CDI schematic shown in Fig. 1 illustrates a flow-by system in which feed water 
flows parallel to the two electrodes. This system is the most commonly employed design and 
requires the use of a flow channel gasket and electrode spacer to prevent short circuiting. 
However, Suss et al. points to several limitations of the flow-by design, including limited 
desalination capacity, longer required charging times, and non-ideal resistances due to minimum 
flow channel widths (Suss et al., 2012). An alternative configuration is the flow-through system 
in which feed water flows perpendicular and through the porous carbon electrodes, eliminating 
the need for a flow channel and allowing for the minimization of solution resistance. This system 
has been actively employed in several studies (Avraham et al., 2011; Bouhadana et al., 2011; 
Gao et al., 2014; Han et al., 2015; Li et al., 2009; Suss et al., 2012; Wang et al., 2011). 
 
2.4.1.3 Constant current versus constant voltage operation 
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The standard operation of CDI cells is presumed to be one in which an applied potential 
difference across the two electrodes is held constant throughout the duration of the charging step. 
This mode of operation is called “Constant Voltage” (CV) and is more commonly employed in 
CDI research. The applied potential causes a sharp increase in applied current as ions are rapidly 
adsorbed onto the electrode surface, followed by an exponential decay as the electrodes become 
saturated. As described earlier, discharging occurs when the electrodes are short-circuited and 
the resulting whole cell potential is 0 V. However, it is possible to regenerate the electrodes by 
reversing the magnitude of the applied voltage, which Porada et al. argues improves salt 
removal. However, recent experimental and modeling results by Gao et al. demonstrate that this 
is only true for electrodes with oppositely shifted PZCs (Gao et al., 2016; Porada et al., 2013). 
Another method of operation is using “Constant Current” (CC), in which a fixed current 
is applied during charging until a whole cell voltage limit is reached, at which point discharging 
takes place via a reversal of current direction until 0 V is reached. This mode of operation 
provides several benefits including a constant effluent salt concentration during charging which 
can be tuned by adjusting the applied current (Zhao et al., 2012). The most beneficial advantage 
of CC operation over CV is the ability to recover energy in the discharge step. Much like a 
supercapacitor can store and release energy in the form of ionic charge, so can a CDI cell. 
However, supercapacitors are built to minimize system resistance by using high electrolyte 
concentrations, whereas CDI feed waters tend to be lower in salinity, resulting in larger ohmic 
drops and less recoverable energy (García-Quismondo et al., 2013). Nevertheless, the ability to 
recover energy is a strong advantage of CC operation and CDI in general compared to RO. 
 
2.4.1.4 Performance metrics of CDI 
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Three metrics are often employed when discussing the performance of a CDI system. The 
most reliably reported metric is the specific salt adsorption (SSA) of the electrodes, with typical 
units of mg or mmol of salt removed per gram of active electrode material per charging cycle. 
Total salt adsorption can be calculated by integrating the concentration profile across the 
charging step using the influent concentration as a baseline and multiplying by the flow rate and 
molecular weight of the dissolved species. Total salt adsorption is typically normalized to the 
total mass of electrode active material, which yields SSA (Kang et al., 2014). 
While SSA is an important system characteristic, the metric which dictates energy 
consumption is the charge efficiency (CE). It is defined as the ratio of coulombs of charge 
removed per coulombs of charge applied during a charging cycle (Zhao et al., 2010). The amount 
of charge carried by ions can be calculated using Faraday’s constant while the amount of charge 
applied during charging can be obtained by integrating the current profile with respect to time. 
Ideally, every coulomb of charge on an electrode will be neutralized by a coulomb of ionic 
charge in the electrical double layer. However, applied current need not be exclusively utilized 
for counter-ion adsorption. Co-ion repulsion and Faradaic reactions consume current and cause 
CEs in CDI systems to fall below unity (Choi, 2014). Efforts to reduce parasitic co-ion repulsion 
and Faradaic reactions will be discussed in later sections. 
A third important metric for gauging desalination performance is the energy 
consumption. It is often reported as energy expended per gram or mol of salt removed. The 
energy can be calculated in CV operation by multiplying the applied voltage by the total charge 
passed, and in CC operation by integrating the cell voltage vs time profile and multiplying by the 
applied current. Unfortunately, not all CDI studies report all three of these metrics, limiting 
comparisons of published work. 
15 
 
 
2.4.2 State of the technology 
It is now fairly well established that improvements in SSA and CE are needed to reduce 
energy consumption and make CDI viable with mature desalination technologies. With this in 
mind, various approaches have been taken to enhance CDI performance with promising results. 
 
2.4.2.1 Electrode material 
Considering the fact that salt removal is achieved via adsorption onto the electrode 
surface, it is intuitive to employ electrodes with high surface areas to accommodate more ion 
storage per charge cycle. Besides high specific surface area, an electrode must possess 
electrochemical stability under CDI operating conditions to ensure system longevity, low 
resistivity to minimize energy losses, a pore network and electrode geometry which promotes 
fast ion flux, sufficient hydrophilicity such that maximal surface area is wetted, and, more 
generally, ease of processing and low cost and environmental footprint (Porada et al., 2013). 
While it is difficult to meet all the criteria for an ideal CDI electrode, several materials, mostly 
carbon-based, are able to achieve many of these requirements. Electrodes can either be 
monolithic or composites, with the latter consisting of an active material (typically 80-90% of 
total electrode mass), polymeric binder, and conductive additive such as carbon black. 
Among the most commonly employed active materials is activated carbon (AC), which 
can achieve specific surface areas up to 3000 m2-g-1. AC can take on various forms including 
granular, powdered, and fibrous structures, depending on the precursor. Granular AC is 
commonly employed in drinking water and wastewater treatment as a passive adsorbent for 
ionic, polar, and hydrophobic pollutants due to the high specific surface area and presence of 
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various surface moieties. Lignocellulosic agricultural wastes are common precursors for AC, 
allowing for relatively low cost compared to other high surface area materials. Since there is a 
variety of precursor material, AC can have wide variability in pore size distribution and the types 
functional groups present on the surface (Dias et al., 2007). This variety manifests in CDI 
literature, with SSAs and CEs ranging from 0.42-13.60 mg-g-1 and 36-52%, respectively (Kang 
et al., 2014; Kim & Yoon, 2013; Kim & Choi, 2010a; Wang et al., 2012; Wang et al., 2012). 
Carbon aerogels are a unique class of porous materials with a strong and robust structure, 
high surface area, low mass density, and uniform pore distribution which can be highly tuned. 
These properties make them attractive for capacitive energy storage devices, and consequently, 
CDI systems (Biener et al., 2011). Their use as CDI electrodes, with special interest in their 
application in flow-through systems, has been growing, with SSAs ranging from 5.8-7.5 mg-g-1 
(Porada et al., 2013; Suss et al., 2012; Tsouris et al., 2011; Xu et al., 2008). Another specialized 
carbon active material, carbon nanotubes (CNTs), has been employed due to the potential for 
highly ordered pore matrices despite lower specific surface areas (Porada et al., 2013). Wang et 
al. demonstrated comparable performance of a CNT-nanofiber composite electrode to carbon 
aerogels, whereas Dai et al. showed that energy consumption decreased for CNT-AC composite 
electrodes as CNT content increased, despite a drop in SSA (Dai et al., 2006; Wang et al., 2006). 
Carbide-derived carbons (CDCs) are another class electrode material which have displayed some 
of the highest reported SSA values among unmodified CDI electrodes. Carbide precursors are 
ordered compounds of carbon bonded to a more electronegative metal such as titanium or 
silicon. The metal can be etched away with chlorine at elevated temperatures which produces 
highly ordered carbon lattices (Chmiola et al., 2010). Porada et al. demonstrated significant 
improvements in SSA compared to AC, upwards of 14.9 mg/g, while maintaining similar charge 
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efficiencies despite the high proportion of micropores, which, as described in the following 
section, have been largely avoided in CDI electrodes (Porada et al., 2012). 
 
2.4.2.2 Influence of pore structure 
To achieve higher surface area in porous carbon materials, it is required to reduce 
average pore width and increase the total number of pores. However, this in turn creates a more 
tortuous pore network which hinders the ability for ions to quickly migrate through the electrode 
(Porada et al., 2013). As a result, a balance must be maintained to maximize surface area without 
restricting ion pore-access. Zou et al. demonstrated and suggests the use of ordered mesoporous 
carbon for CDI applications due to their improved electrosorption of NaCl (Zou et al., 2008). 
Mesopores (pores with a diameter between 2 and 50 nm) are believed to be more beneficial as 
they provide sufficient surface area without compromising ion mobility within the pore network. 
Micropores (pores with a diameter less than 2 nm) are subject to overlapping double layers 
during polarization, which results in restricted ion diffusion into internal pores (Xu et al., 2016). 
However, this idea has been disputed by the research on CDCs (Section 2.4.2.1) and a modified 
Donnan developed by Porada et al., acknowledging the fact that ion adsorption rate is affected by 
the presence of micropores (Porada et al., 2013; Porada et al., 2012). With this in mind, Xu et al. 
developed a hierarchical micro/mesoporous electrode for CDI which coupled the high adsorption 
potential of micropores with the ion transport benefits of mesopores, and demonstrated a 
substantial increase in SSA and CE compared to mesoporous carbon, from 6.3-15.8 mg-g-1 and 
56-78%, respectively (Xu et al., 2016). The work by Xu et al. and others exemplify the 
importance of pore size distribution and arrangement on the performance of CDI. 
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2.4.2.3 Membrane Capacitive Deionization 
The previous two sections primarily discuss methods to maximize counter-ion adsorption 
by improving surface area and controlling pore size distribution. As mentioned in Section 
2.4.1.4, CE can be lowered due to energy consumed by co-ion repulsion. To overcome this, 
IEMs have been introduced as selective barriers which restrict the mobility of co-ions, thus 
reducing energetic losses to their repulsion in a process aptly named membrane capacitive 
deionization (MCDI). As an added effect, the retention of co-ions in the electrode macropores 
increases local charge density, lending an additional salt storage capacity to the electrode which 
is nonexistent in CDI (Biesheuvel et al., 2011). Experimentally, this has been demonstrated in 
numerous studies. Kim and Choi demonstrated nearly two-fold improvement in CE for an MCDI 
system versus CDI while Lee et al. demonstrated remarkable improvements in energy 
consumption (Kim & Choi, 2010b; Lee et al., 2011). 
 
2.4.2.4 Carbon surface treatment and the potential of zero charge 
As briefly mentioned in Section 2.4.1.1, the capacitance of an electrode will increase 
exponentially as its polarization is shifted away from its potential of zero charge (PZC) until it 
plateaus at larger polarizations. However, this plateau may not be realized within the potential 
operating windows of CDI, meaning an electrode with a PZC near 0 V would not operate in a 
regime of maximum capacitance as an anode or cathode. To visualize this idea, Fig. 2(a) 
illustrates the Gouy-Chapman-Stern model of double layer capacitance for an electrode with a 
PZC of 0 V at low electrolyte concentrations. Biesheuvel demonstrates in an amphoteric 
modified-Donnan model that this plateau is not reached in the CDI voltage window (Biesheuvel, 
2015). However, if an electrode’s PZC was to be shifted in either the positive or negative 
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direction (Figs. 2(b) and (c)), operation of the electrode as a cathode or anode, respectively, 
would yield a higher capacitance at its operating potential. 
This phenomenon has been exploited successfully to increase SSA and CE in both CDI 
and MCDI systems. Omosebi et al. incorporated cathodes with a positively shifted PZC and 
achieved an SSA of 17 mg-g-1 and a CE exceeding 100% due to continued desalination at short-
circuit as a result of ambient surface charge (Omosebi et al., 2015). A recent study by Gao et al. 
demonstrated the use electrodes modified to possess oppositely charged surface groups to 
increase SSA from 9.6-15.4 mg-g-1 with resulting improvements of CE near unity. Salt 
adsorption was increased further by employing a reverse-voltage discharge, up to 17.1 mg-g-1 
(Gao et al., 2016). The reasoning behind the improved SSA using reverse-voltage discharge lies 
in the electrode PZCs. Assuming the anode and cathode each had a shift 0.25 V in their 
respective directions from 0 V, and assuming a whole cell potential is equally distributed 
between the anode and cathode, a discharge voltage of -0.5 V would bring each electrode to their 
PZCs which would ensure the complete expulsion of charge and regeneration of the electrode. 
This in turn allows for an increase in SSA in the subsequent charging step whereas a 0 V 
discharge would leave charge stored in the electrodes, effectively reducing its capacity for the 
next charging cycle. 
There are several approaches one can take to chemically shift the electrode PZC. 
Introduction of negative surface groups is often achieved by mixing carbon in a concentrated 
acid (typically nitric) for several hours with an option of heating. Other oxidizing agents, such as 
hydrogen peroxide or calcium hypochlorite can be used, however, concentrated nitric acid seems 
to be the most common. Oxidation can reveal a multitude of acidic groups with varying pKas, 
such as carboxylic acids, lactones, and anhydrides, each able to become deprotonated and 
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provide negative surface charge to the carbon (Vinke et al., 1994). This negative surface charge 
is the cause for the positive shift in PZC as a more positive potential is necessary to neutralize 
the surface groups. A positive shift in PZC can also be achieved using silicon oxide-coated 
activated carbon (Im et al., 2012). 
An unorthodox, yet effective method of PZC shifting is the natural electrochemical 
oxidation of an anode in the presence of oxygen, which is an aging phenomenon observed in 
CDI anodes (Choi, 2014). In the presence of oxygen, carbon oxidation at the anode forms a 
redox couple with oxygen reduction at the cathode, degrading the anode and exposing negatively 
charged surface groups. Omosebi et al. observed a 0.5 V shift in the positive direction for a CDI 
anode after 50 cycles of operation, whereas the cathode showed insignificant shifts. They were 
also able to show that anode oxidation was reduced when employing an MCDI system, due to 
the membrane’s ability to limit diffusion of dissolved oxygen to the cathode (Omosebi et al., 
2014). Since carbon oxidation is an anode-specific process, utilization of the shifting PZC could 
only be taken advantage of if the charging polarization were reversed and the old anode assumed 
a new role as a cathode. Assuming the continued presence of dissolved oxygen, the same process 
would ensue on the new anode, meaning both electrodes would have a positive PZC. However, 
in the previously referenced work by Omosebi et al., an MCDI system with an oxidized anode 
and cathode still outperformed a pristine anode/cathode setup in both SSA and CE (Omosebi et 
al., 2015). 
The carboxylic acids that are formed from oxidation are typically utilized to negatively 
shift electrode PZCs via coupling to a molecule with a basic group. A frequently employed basic 
ligand is ethylenediamine (EDA). The most common immobilization technique is via the initial 
treatment of oxidized carbon with thionyl chloride, which substitutes the -OH group the 
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carboxylic acids with a highly reactive chloride. While maintaining anhydrous conditions, this 
intermediate compound reacts with EDA to form an amide bond and immobilize a primary 
amine onto the electrode surface (Tamai, 2006). Another EDA-immobilization technique is the 
use of N,N′-dicyclohexylcarbodiimide (DCC) as a coupling agent, which eliminates the need for 
additional reagents and solvents like thionyl chloride, dimethylformamide, and tetrahydrofuran 
(Li et al., 2009). The basic amines introduced to the carbon surface can become protonated under 
the right pH conditions which leads to a negative shift in PZC. This shift in PZC is typically 
much lower in magnitude compared to oxidation. Two studies by Gao et al. demonstrate this 
where amine-treated carbon only possesses a net positive charge at low pH values and only shifts 
the PZC -0.17 V from the starting material compared to +0.85 V via oxidation (Gao et al., 2016; 
Xin et al., 2015). Despite this, it was mentioned earlier that improved desalination performance 
can still be achieved when only employing oxidized electrodes. 
 
2.4.3 Current limitations of advanced CDI technologies 
 
2.4.3.1 Drawbacks of MCDI 
As discussed in previous sections, Faradaic reactions and co-ion repulsion can consume 
charge and in turn reduce CE. Carbon corrosion in the presence of dissolved oxygen leads to the 
development of undesirably negatively charged anode. Even if oxygen diffusion to the cathode is 
restricted by a membrane in MCDI systems, other reactions can take place which can continue to 
harm CE (Choi, 2014). Additionally, the non-ideal permselectivity of many IEMs allow for small 
fluxes of co-ions to pass through them, which contributes to decreases in CE. Membranes are 
also highly subjectable to both organic and inorganic fouling via organic complexation with the 
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polymeric resin or the formation salt complexes which reduce ion-exchange capacity and allow 
for co-ion flux (Guo et al., 2014). A seldom discussed drawback of IEMs in MCDI literature is 
their high cost, which may prohibit competition with RO for brackish water desalination. 
 
2.4.3.2 Resource intensity of carbon surface modification 
The literature discussed in previous sections show clear benefits to using surface-treated 
electrodes in CDI. However, few, if any, of the studies investigating their performance discuss 
the drawbacks. The main issue which comes to mind is the additional resources needed and their 
associated environmental and cost impact. Conventional oxidation via concentrated acid adds a 
level of costing and processing hazards during manufacturing. Additional amination of carbon 
requires several other chemicals, none of which are environmentally friendly or safe to handle 
without protective equipment. When considering the application of CDI, water treatment, any 
addition of hazardous chemicals during processing must be considered with respect to the 
potential for contamination in the event residual amounts are left after processing or detached 
during operation. A solution to this issue could be the exclusive use of oxidized cathodes 
produced via electrochemical corrosion described earlier. Otherwise, technological 
breakthroughs must be developed to allow for improved desalination performance with minimal 
added costs. 
 
2.4.4 Influence of electrode binder 
As briefly mentioned in Section 4.2.1, composite electrodes are typically held together 
via a polymeric binder. The binder typically employed in CDI electrodes, batteries, and 
supercapacitors is either polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE). 
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Their success in battery and supercapacitor electrodes is due to their chemical stability and high 
binding strength, but at the cost of low flexibility (Guerfi et al., 2007). Their use in CDI 
electrodes is also not ideal due their hydrophobicity. Since CDI electrodes operate in an aqueous 
environment, their use may reduce electrode wetting and block pore access. Park and Choi have 
demonstrated improved specific capacitance over PVDF for an electrode bound with water-
soluble polyvinyl alcohol binder crosslinked with glutaric acid (Park & Choi, 2010). The same 
research group showed the potential cation-exchange capacity for an electrode bound with PVA 
crosslinked with high glutaric acid loadings (Park et al., 2011). Little to no other research 
examines the use of a hydrophilic polymer. With this in mind, we propose the use of two 
different polysaccharide binders, chitosan and carboxymethyl cellulose (CMC), as anode and 
cathode binders, respectively, in CDI electrodes. 
 
2.4.4.1 Chitosan and CMC in battery electrodes 
Considering their need for an organic solvent for processing, their rigidity, and the 
swelling-induced stress undergone by battery electrodes, PVDF and PTFE have been subject to 
replacement in favor of cheaper, more environmentally friendly, and more flexible binders for 
Li-ion battery electrodes. One such alternative which has been examined in a study by Chai et al. 
is chitosan, a biodegradable polysaccharide. The study demonstrated improved cycling, 
coulombic efficiency, and rate capability compared to PVDF, with SEM images showing clear 
degradation of PVDF-bound electrodes and retention of chitosan-bound electrodes (Chai et al., 
2013). CMC is another biodegradable polysaccharide which has shown promise in Li-ion 
batteries for the same reasons as chitosan: higher capacity, improved cycling, and superior 
coulombic efficiency over PVDF (Dahbi et al., 2014; Li et al., 2007). 
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2.4.4.2 Prospects of chitosan and CMC as binders for CDI electrodes 
Considering their success as Li-ion battery electrode binders, chitosan and CMC show 
promise as binders in aqueous CDI electrodes. One immediate benefit which can be ascertained 
is their hydrophilicity and ability to improve pore wetting, much like PVA, which could increase 
salt adsorption capacity. The main benefit, however, and the reason these two polysaccharides 
were chosen for investigation, is their associated functional groups. The chemical structure of 
these two polymers are shown in Figs. 3(a) and (b). Chitosan has an amine group with a pKa near 
6.3 and CMC possesses carboxylic acid groups with a pKa near 3 (Ichikawa et al., 2005; 
Sudarshan et al., 1992). Consequentially, there is a pH regime where both chitosan and CMC 
would be protonated and deprotonated, respectively. Much like IEMs, chitosan and CMC could 
exhibit ion selectivity and potentially improve CEs in CDI systems by being employed as anode 
and cathode binders, respectively.
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2.5 Figures 
 
Figure 1: A charge and discharge cycle are sequentially shown in the CDI schematic above. 
Upon charging, counter-ions are adsorbed onto the electrode surface, followed by desorption into 
the flow channel upon short-circuiting.
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Figure 2: The Gouy-Chapman-Stern differential capacitance in the EDL is illustrated above for 
pristine (a), aminated (b), and oxidized (c) carbon. The presence of surface charge shifts the 
electrode PZC and can allow for increased capacitances at certain potentials versus pristine 
carbon.
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Figure 3: The chemical structures of chitosan (a), and CMC (b) are shown above. Chitosan 
possesses deacetylated amines with varying degrees of deacetylation, allowing for anion 
exchange. The CMC backbone can have varying degrees of hydroxyl substitution for 
carboxymethyl groups, which lend CMC its cation exchange capacity.
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CHAPTER 3 
MATERIALS AND METHODS 
 
3.1 Materials 
Powdered activated charcoal (AC) (DARCO®, −100 mesh particle size), low molecular 
weight chitosan (75-85% deacetylated), sodium carboxymethyl cellulose (average molecular 
weight ~250,000, degree of substitution 0.7), acetic acid (glacial, ≥99.85%), N,N-
dimethylacetamide (DMAc) (ReagentPlus®, ≥99%), nitric acid (70%), N,N’-
dicyclohexylcarbodiimide (DCC), and ethylenediamine (EDA) (ReagentPlus®, ≥99%) were 
purchased from Sigma-Aldrich (St. Louis, MO). Poly(vinylidene fluoride) (PVDF) and carbon 
black (CB) were purchased from Alfa Aesar (Tewksbury, MA). 
 
3.2 Activated charcoal surface modification 
To introduce negatively charged surface groups to the carbon surface, 10 g of AC was 
mixed in 100 mL of 1 N nitric acid and refluxed at 373 K for 24 h. AC was then filtered out and 
washed repeatedly with deionized water until the pH of the rinse water reached 6. The resulting 
oxidized carbon was dried under vacuum at 353 K for 12 h. To introduce positively charged 
surface groups, 2 g of AC-N and 2 g of DCC were stirred in 60 mL of EDA and refluxed at 393 
K for 48 h, as previously described (Li et al., 2009). The aminated carbon was then rinsed with 
ethanol and dried under vacuum at 353 K for 12 h. As a convention, as received, oxidized, and 
aminated carbon are denoted as AR-, Ox-, and Am-, respectively, preceding their associated 
binder. For example, PVDF-bound electrodes with as received carbon are denoted “AR-PVDF”. 
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3.3 Electrode preparation 
Carbon slurries were made by mixing CB and AC in a binder solution overnight. The 
solutions were prepared such that after the appropriate amounts of CB and AC were added, 1 g 
of total dry electrode weight (AC + CB + binder) was dissolved in 10 mL of solvent. DMAc, 
2.5% acetic acid, and deionized water were used as solvents for PVDF, chitosan, and CMC, 
respectively. Dry electrodes with PVDF consisted of 10 wt.% binder while those with chitosan or 
CMC binders consisted of 7.5 wt.% binder. Aliquots of known mass loading were dispensed in 
an etched well (~300 µm depth, ~145.5 mm2 area) in a graphite plate current collector and dried 
at 353 K. Due to CMC’s high solubility, CMC-bound anodes were cured at 403 K for 2 h.  
 
3.4 Carbon and electrode characterization 
Electrode pore volumes were analyzed via N2 adsorption and desorption using a 
Micrometrics ASAP 2020 (Norcross, GA). The electrode capacitances and PZCs were measured 
through cyclic voltammetry using a VMP3 potentiostat from Bio-Logic (Seyssinet-Pariset, 
France) with a scan rate of 1 mV/s in continuously N2-sparged 10 mM NaCl solution at a 
buffered pH of 5. To quantify the acidic and basic groups introduced to the carbon surface, a 
Boehm titration was performed. Acidic groups were determined by mixing 0.5 g of carbon in 50 
mL of 0.05 M NaOH, filtering out the carbon, and directly titrating 10 mL of filtrate back to a 
pH of 7 using 0.05 M HCl. Basic groups were determined in the same manner, only first soaking 
in HCl and titrating with NaOH. 
 
3.5 Reactor design and cycling operation 
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Two electrodes were sandwiched together with a 150 µm silicone gasket. A glass 
microfiber filter was used as the electrode spacer. The reactor was fed an influent of 50 mM 
deaerated NaCl at varying pH (5-9), adjusted with 0.1 M HCl or NaOH solution, using a syringe 
pump from Harvard Apparatus (Holliston, MA) at 0.2 mL/min, while effluent salt concentration 
was measured with an in-line conductivity probe from eDAQ (Colorado Springs, CO). For pH-
variability tests, electrodes operated with 1.2/0 V charge/discharge voltages, with a half cycle 
time of 15 min. A variety of anode/cathode configurations were examined, where the active 
materials was either as received, oxidized, or aminated carbon and the binder was either PVDF, 
chitosan, or CMC, as summarized in Fig. 4.
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3.6 Figure 
 
Figure 4: A schematic of the CDI system design is shown above. Influent flows between two 
parallel electrodes which can vary in composition according to the breakouts. The positively 
charged anode may be bound with either neutral PVDF or positively charged chitosan binders 
using either pristine or aminated carbon. Conversely, the cathode may be bound with either 
PVDF or negatively charged CMC binders using either pristine or acidified carbon.
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
4.1 Carbon and electrode characterization 
Various powdered activated carbons were bound by PVDF, chitosan, or CMC, with their 
pore volume and surface area being analyzed after electrode casting and drying. Figs. 5(a) and 
(b) show the N2 adsorption/desorption isotherms and incremental pore volume distributions of 
the 5 different carbon/binder combinations we explored. A summary of the BET surface area, 
average pore width, and total pore volume of each electrode is included in Table 1. A significant 
decrease in surface area and total pore volume occurred after acid treatment of AC can be seen, 
which is consistent with literature (Moreno-Castilla et al., 1995; Wang et al., 2007). The decline 
continued after amine modification of the oxidized carbon, presumably due the ligation of the 
carbon with EDA. 
Cyclic voltammetry was utilized to determine both the capacitance and PZC of each 
electrode. The potential window was varied to accommodate the variable PZCs. As seen in Fig. 
5(c), the PZCs can be determined by the average of the minimum anodic and cathodic 
capacitances. The results indicate PZCs of -0.07, 0.39, and -0.27 V vs Ag/AgCl for AR-PVDF, 
Ox-PVDF, and Am-PVDF electrodes respectively. This indicates successful shifting of electrode 
PZCs by both oxidation and amination of the AC. Fig. 5(d) shows that the binders did not 
significantly influence electrode PZC, which is expected as there is no electrical connection 
between the binder and active material. 
A Boehm titration was utilized to determine the number of acidic and basic sites present 
on the pre and post-modified AC. Table 2 lists the number of each surface site for each carbon 
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and compares them to the maximum number of available amine and carboxylic acid groups 
present on chitosan and CMC, all values being normalized to weight. The increase in acidic 
groups via oxidation and increase in basic groups after subsequent amination are further 
indication of the successful surface treatment of the AC. Despite the lower normalized number of 
available charged functional groups between surface-modified carbons and binders, the higher 
proportion of active material versus binder in the electrode results in an overall higher charge 
density within the electrode. However, as there are several types of acidic functional groups on 
the carbon, there is no guarantee that all will be deprotonated at the various operating pHs. 
 
4.2 Effect of chitosan and CMC binders on desalination performance 
A sample of the concentration profiles at a pH of 5 of the six different electrode 
configurations we examined are shown in Fig. 6. As all electrodes had roughly the same mass 
(~10 mg), we can use the concentration profiles to make quick direct comparisons between the 
various configurations. Figs. 6(a) and (b) show the profiles for the symmetric systems in which 
both the anode and cathode are comprised of AR-PVDF or AR-Chitosan. The chitosan-bound 
electrodes display a similar profile as the PVDF-bounds electrodes, indicating it can serve as a 
viable binder replacement. One notable difference is the more pronounced co-ion repulsion peak 
prior to desalination, presumably due to the higher charge density within the electrode. CMC-
bound electrodes, on the other hand, show a small desalination trough followed by a plateau well 
above the baseline value, indicating the charge due to the binder is overwhelming the charge 
supplied by the anode (Fig. 6(c)). Although both binders are more than 1 pH unit away from 
their pKas and chitosan contains more available amine groups per gram than CMC does 
34 
 
carboxylic acid groups, comparing the concentration profiles indicates CMC’s charge has a more 
pronounced effect on the desalination behavior than chitosan. 
To leverage the charges of the two polysaccharide binders, an asymmetric cell was built 
using a chitosan-bound anode and CMC-bound cathode and compared to an asymmetric cell 
with surface-modified carbons bound by PVDF. Both asymmetric systems showed improved 
specific salt adsorption (SSA), CE, and energy of removal (ERemoval) compared to the symmetric 
AR-PVDF system (Table 3). A comparison of the concentration profiles and applied charge of 
these three configurations is shown in Figs. 7(a) and (b). Both asymmetric systems achieve 
significantly lower [NaCl] values than the symmetric AR-PVDF configuration during charging. 
The asymmetric binder setup also displays a slower plateau towards saturation, a feature which 
has been previously observed in an MCDI system (Omosebi et al., 2014). This feature, in 
addition to the fact that electrode PZC does not significantly shift when employing charged 
binders (Fig. 5(d)), points to a selectivity mechanism as the cause of the improved SSA and CE. 
As noted earlier, the negative charge associated with CMC seems to be overwhelming 
when compared to chitosan. To test whether or not CMC was the main cause of the enhancement 
of desalination performance, an asymmetric configuration of an AR-PVDF anode and AR-CMC 
cathode was examined. The values of SSA, CE, and ERemoval in Table 3 along with the 
concentration and charge profile comparisons in Figs. 7(c) and (d) indicate that while the 
incorporation of only CMC as a cathode binder improves desalination performance, the chitosan 
indeed plays a role in further enhancing salt removal. 
The comparable performance of chitosan and CMC binders, both symmetric and 
asymmetric, to PVDF make a case for their use as reliable binders in CDI systems. PVDF is a 
hydrophobic polymer which requires an organic solvent for dissolution and processing, whereas 
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chitosan and CMC can be dissolved in mild acidic solutions and water, respectively. Not only is 
there a cost elimination of the organic solvent, these two binders provide a safe and green 
alternative to slurry processing. 
 
4.3 Influence of pH on various electrode configurations 
Since protonation/deprotonation of surface groups are pH dependent, the various 
electrode configurations were examined across a pH range from 5-9. Table 3 lists the SSA, CE, 
and ERemoval for each electrode pairing. As expected, the asymmetric binder electrode 
configuration performed best at a pH of 5, where both binders were more than 1 pH unit from 
their pKas. Average SSA and CE values of 14.09 mg/g and 91% were realized, comparable to 
previous systems utilizing IEMs and modified carbon (Cohen et al., 2011; Gao et al., 2016; Kim 
& Choi, 2010a). The steep drop in SSA and CE at a pH of 7 can be attributed to the 
deprotonation of the chitosan amine groups. Similarly high values of SSA and CE were observed 
in the Am-PVDF/Ox-PVDF system, peaking at a pH of 6, with values of 16.21 mg/g and 87%, 
respectively.  
As recorded in Table 3, each configuration displays a drop in performance with 
increasing pH, with a slight rebound for the AR-PVDF/AR-PVDF, AR-Chitosan/AR-Chitosan, 
and Am-PVDF/Ox-PVDF pairs at their respective highest pH. Recall that AR-AC still possesses 
basic surface groups, whose basicity decreases with increasing pH. This is most likely the cause 
of the decline in all configurations, with the subsequent improvement at higher pHs being a 
result of deprotonation of high pKa acidic groups. 
Values missing from the table correspond to conditions in which concentration profiles 
took on a similar shape to the AR-CMC/AR-CMC configuration in Fig. 6(c), where saturation 
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plateau values exceeded the baseline. This occurred predominantly at higher pH values, when 
most basic sites and acidic functional groups are deprotonated and ambient negative charge is 
predominating. The Am-PVDF/Ox-PVDF configuration was the only pair tested which 
maintained improved desalination performance across all pH values. This is most likely due to 
the fact that the introduced amine groups via EDA coupling possess higher pKas than those 
present on chitosan and AR-AC. 
Considering the fact that brackish groundwater is usually slightly alkali, the full potential 
of an asymmetric chitosan/CMC-bound CDI system may not be realized. To overcome this 
limitation, a binder with a quaternary amine could be utilized to increase the pKa of the anode 
binder and maintain positive charge at higher pHs. An attempt was made to use a quaternary 
aminated polysaccharide, DEAE-cellulose, as the anode binder. However, its solubility was too 
high such that the electrode quickly disintegrated in solution. If successful attempts can be made 
at crosslinking DEAE-cellulose within the electrode, a well-performing anode binder may be 
realized. 
 
4.4 Effect of chitosan and CMC on the potential operating window 
It has been demonstrated by Gao et al. that surface modification of carbon leads to an 
expanded range of potential operating window via PZC shifting (Gao et al., 2016). To examine 
whether the same was true for charged binders, discharge potentials were varied and SSA values 
were determined for the AR-Chitosan/AR-CMC configuration and compared to Am-PVDF/Ox-
PVDF and AR-PVDF/AR-PVDF. Each cell was operated at the pH of its highest SSA and CE 
listed in Table 3. Fig. 8 plots SSA as it changes with varying potential windows. An expanded 
window was observed for both asymmetric systems whereas the AR-PVDF/AR-PVDF setup 
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achieved a maximum SSA at a 0 V discharge. Since Fig. 5(d) indicates no significant shift in 
electrode PZC when using chitosan or CMC binders, the extended window can be attributed to 
selectivity provided by the fixed charge of the binders, in a similar manner to MCDI.
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4.5 Tables and figures 
Table 1: A summary of the specific surface areas, average pore widths, and total pore volumes of 
the various electrodes is shown below. A significant decrease in surface area and pore volume 
were observed after oxidation and subsequent amination of as received carbon which is 
consistent with literature. The use of polysaccharide binders did not significantly impact surface 
area as expected. However, they did effect the average pore width and total pore volume, most 
likely a result from the binding mechanisms. 
Electrode Sample BET Surface Area Average pore width Total Pore Volume 
  (m2-g-1) (nm) (cm3-g-1) 
As Received AC w/ PVDF 702.0 3.41 0.598 
Oxidized Carbon w/ PVDF 626.9 2.94 0.46 
Aminated Carbon w/ PVDF 421.5 3.16 0.333 
As Received AC w/ Chitosan 707.7 2.90 0.514 
As Received AC w/ CMC 699.7 2.70 0.471 
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Table 2: The concentration of available surface groups for the three ACs and two binders 
examined are shown below. A clear increase in acidic groups was achieved for oxidized carbon 
whereas the aminated carbon saw an increase in basic groups. With there being roughly 10x 
more mass of carbon than binder in an electrode, available charge density values in modified 
carbon electrodes exceeded those in the binders. 
Carbon Type Acidic Groups Basic Groups Total groups 
  (mmol/g) (mmol/g) (mmol/g) 
As Received 0.145 0.397 0.542 
Oxidized 0.99 0.119 1.109 
Aminated 0.325 0.548 0.873 
Binder -COOH Groups -NH2 Groups Total groups 
  (mmol/g) (mmol/g) (mmol/g) 
PVDF -- -- -- 
Chitosan -- 4.37-5.08 4.37-5.08 
CMC 3.44 -- 3.44 
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Table 3: Values of SSA, CE, and ERemoval are listed below for each electrode configuration as 
they varied with pH. While the asymmetric chitosan/CMC binder setup reached high removal 
and efficiency at pH 5, the performance quickly dropped off with increasing pH as expected. 
However, the asymmetric configuration with surface-modified carbon maintained relatively high 
removals and efficiencies throughout the pH range. Blank values correspond to concentration 
profiles which behaved similarly as the AR-CMC/AR-CMC setup in Fig. 6(c), where the plateau 
concentration exceeded the baseline value. 
Anode/ pH SSA CE Eremoval 
Cathode   (mg/g)   (kJ/g) 
AR-PVDF/     
AR-PVDF 
5 5.13 ± 0.09 0.31 ± 0.01 6.34 ± 0.11 
6 4.22 ± 0.18 0.25 ± 0.01 7.99 ± 0.29 
7 3.68 ± 0.18 0.22 ± 0.01 9.10 ± 0.46 
8 3.88 ± 0.14 0.23 ± 0.01 8.50 ± 0.32 
9 - - - 
AR-Chi/          
AR-Chi 
5 5.04 ± 0.45 0.27 ± 0.02 7.48 ± 0.59 
6 4.36 ± 0.26 0.25 ± 0.02 8.10 ± 0.52 
7 4.13 ± 0.15 0.23 ± 0.01 8.51 ± 0.30 
8 4.5 ± 0.15 0.26 ± 0.01 7.53 ± 0.28 
9 - - - 
AR-CMC/       
AR-CMC 
5 - - - 
6 - - - 
7 - - - 
8 - - - 
9 - - - 
AR-PVDF/     
AR-CMC 
5 6.76 ± 0.273 0.42 ± 0.02 4.69 ± 0.21 
6 6.12 ± 0.13 0.40 ± 0.01 4.98 ± 0.10 
7 5.26 ± 0.31 0.36 ± 0.02 5.58 ± 0.31 
8 - - - 
9 - - - 
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Table 3 (cont.): 
AR-Chi/          
AR-CMC 
5 14.09 ± 0.94 0.91 ± 0.07 2.18 ± 0.15 
6 13.04 ± 0.72 0.89 ± 0.04 2.22 ± 0.09 
7 8.24 ± 0.40 0.60 ± 0.03 3.30 ± 0.19 
8 - - - 
9 - - - 
Am-PVDF/      
Ox-PVDF 
5 14.48 ± 0.44 0.74 ± 0.03 2.70 ± 0.10 
6 16.21 ± 0.38 0.87 ± 0.03 2.28 ± 0.06 
7 14.16 ± 0.83 0.79 ± 0.04 2.53 ± 0.14 
8 12.06 ± 0.35 0.68 ± 0.02 2.91 ± 0.10 
9 12.32 ± 0.31 0.71 ± 0.02 2.80 ± 0.07 
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Figure 5: N2 adsoprtion/desorption isotherms (a), incremental pore volume distribution (b), and 
cyclic voltammetry results (c and d), are plotted above. The isotherms suggest decreasing pore 
volumes for all electrodes versus PVDF. The pore volume distributions indicate a majority of 
pores are within the micropore and mesopore range. The cyclic voltammetry plots show shifts in 
PZCs for surface-modified carbon electrodes versus as received carbon (c), whereas no 
significant shift was observed for chitosan and CMC-bound electrodes. 
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Figure 6: A two-cycle sample concentration profiles of each electrode configuration is shown 
above for a pH of 5. Visually it can be observed that the two asymmetric systems (e and f), 
achieve lower troughs, indicating higher SSA. A notable feature is the curve for AR-CMC/AR-
CMC (c) in which the plateau exceeds the baseline concentration.
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Figure 7: Concentration and charge profiles are compared above. Plots (a) and (b) compare the 
asymmetric binder and modified carbon systems with the symmetric PVDF setup. Both show 
significant improvements in SSA with the asymmetric binder setup also reducing the amount of 
applied charge. To ensure chitosan was having an effect on the system, an asymmetric 
PVDF/CMC configuration was compared to both the PVDF/PVDF and chitosan/CMC setups (c 
and d). The plots above along with the values reported in Table 3 confirm that chitosan’s fixed 
charge is influencing the salt removal and efficiency.
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Figure 8: SSA values at various discharge potentials are shown for the symmetric PVDF, 
asymmetric binder, and modified carbon configurations are plotted above. As expected, the 
symmetrical PVDF system achieved a maximum removal at 0 V whereas both asymmetrical 
systems were successful at shifting the potential window.
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CHAPTER 5 
CONCLUSIONS AND FUTURE OUTLOOK 
 
In this work the improved SSA and CE of an asymmetric CDI system which utilized a 
chitosan anode binder and CMC cathode binder was demonstrated. This system achieved salt 
removal and efficiency values comparable to an asymmetric system with aminiated and oxidized 
carbon, with a peak SSA and CE of 14.09 mg/g and 91%, respectively. Based on cyclic 
voltammetry measurements which showed strong shifts in surface-modified electrode PZCs and 
insignificant changes in polysaccharide-bound electrode PZCs, it was deduced that the 
improvement in desalination performance was a result of selectivity introduced by the fixed 
charge, much like that in MCDI. An extended working potential window was also observed for 
the asymmetric binder system, much like that observed for surface-modified electrodes. Effects 
of solution pH were examined which showed a strong dependence of desalination performance 
on binder protonation and deprotonation. While chitosan shows promise as a selective binder at 
low pH values, the reality of the alkali nature of brackish groundwater will demand an anode 
binder with a higher pKa. It would also be beneficial to understand the aging performance of CDI 
cells with charged binders. Omosebi et al. observed less anode oxidation in MCDI compared to 
CDI as a result of membrane-induced retardation of dissolved oxygen mobility (Omosebi et al., 
2014). While the charged binders provide selectivity similar to IEMs, they do not form a discrete 
barrier between the bulk solution and the electrode, which could result in greater dissolved 
oxygen mobility compared to MCDI. However, the results of this study, along with the 
understanding of the improved cost and safety of polysaccharide binders, show promise in the 
use of charged binders in CDI.
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